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ABSTRACT 
An experimental investigation of evaporating heat transfer was conducted for smooth and 
coaxial micro-finned aluminum tubes with an internal diameter of 6.3 mm. The study used 
R410A at a saturation temperature of 10 °C running at mass fluxes from 100 to 250 kg/m2-s, heat 
fluxes from 4 to 14 kW/m2, and qualities from 0.1 to 0.8. 
The testing facility had a 15 cm long test section heated by a secondary heated water loop, a 
transparent visualization section which used a high-speed camera to capture flow regimes, and 
vertical and horizontal pressure drop test sections. The micro-finned enhancement factors were 
1.14-1.85, 0.91-1.72, and 1.05-1.66 for heat fluxes of 4, 9 and 14 kW/m2 correspondingly. 
Calculations for the finned tube used the molten diameter surface. Flow regimes were similar for 
both tubes, except for qualities tested, and the regimes were correctly predicted by Cheng et al. 
(2008). Images of the flow regimes were captured for each testing quality and for mass fluxes. 
Pressure drop in the micro-finned tube was higher than the smooth tube for both horizontal and 
vertical tube orientations. The difference in pressure drop increased with higher vapor quality.   
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NOMENCLATURE 
A Area [m2] 
Cp Specific heat capacity [kJ/kg-K] 
dP Pressure drop [kPa] 
dx Finite element change in X [m] 
h heat transfer coefficient [kW/m2-K] 
ID Inner diameter [m] 
k Thermal conductivity [kW/m-K] 
m_dot mass flow [kg/s] 
OD Outer diameter [m] 
P Pressure [kPa] 
Q Heat transfer rate [kW] 
q'' Heat flux [kW/m2] 
T Temperature [°C] 
x Quality [-] 
 
 
A Area [m2] 
Cp Specific heat capacity [kJkg-1K-1] 
DP Pressure drop [kPa] 
F Torque [Nm] 
h Specific enthalpy [kJkg-1] 
ID Inner diameter [mm] 
NTU Number of transfer units [-] 
P Pressure [kPa] 
Q Capacity [kW] 
s Specific gravity [-] 
T Temperature [•] 
V Rotational speed [RPM] 
W Power [kW] 
x Quality [-] 
Greek    
φ Finite element heat transfer rate [Kw] 
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λ   Thermal conductivity [W/m-K] 
µ Dynamic viscosity [Pa*s] 
v
 Kinematic viscosity [m2/s] 
ρ Density [kg/m3] 
σ Surface Tension [N/m] 
   
Subscripts   
wall Tube wall 
sat Saturation 
ref Refrigerant 
H2O Water 
amb Ambient 
cond Conduction 
H2Oi Water inlet 
H2Oo Water outlet 
in Finite element conduction inlet 
out1 Finite element conduction outlet 
out2 Finite element convection outlet 
Al Aluminum 
cs Cross section 
R410A Refrigerant 410A 
Surf Surface 
i Finite element section number 
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1 Introduction 
1-1 Literature review 
Two methods to calculate in-tube heat transfer coefficients stand out in the literature: the 
Wilson-plot-based method and the direct measurement method based on wall temperatures 
with heating using hot fluid, inductive heating or a heating resistor. The length of the heat 
transfer test section, type of heating method and/or fluid, as well as other characteristics, 
are important for understanding the results along with accuracy and strengths of each 
testing rig. A brief review of different testing facilities for flow boiling heat transfer that 
included R410A by different investigators, as well as their calculation methods, is 
presented here. 
Greco (2005) from Naples, Italy studied flow boiling of R22, R134a, R507, R404 and 
R410A. The heat transfer test section is a 6 m long stainless steel tube with an internal 
diameter of 6 mm and wall thickness of 1 mm. The heating method was provided by the 
Joule effect applying direct electrical current to the wall of the tube. Heat transfer 
coefficient is determined with equation (1.1)  
′′ = 	 = (
 − 
)        (1.1) 
Heat transfer rate was calculated from the values of the voltage and current applied to the 
heated test section. Temperature at the wall was measured with resistance thermometers 
installed in top, bottom, front, and rear of the tube, and at 8 locations along the tube, and 
saturation temperature was calculated from the pressure measured with a piezoelectric 
pressure transmitter.  
The tests for R410A were done at a mass flux of 373 kg/m2-s and at heat fluxes ranging 
from 15 to 20 kW/m2. The results show trends of increasing heat transfer coefficient with 
increasing quality at saturation pressures of 4.83 bar and 7.20 bar. A decrease of heat 
transfer coefficient at qualities close to 0.4 and increase at lower and higher qualities is seen 
at saturation pressures of 11.5 bar and 12.0 bar. General heat transfer coefficient ranges 
from 4-10 kW/m2-K. The paper does not mention local heat transfer coefficient or 
temperature distribution in a given location along the tube.  
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Park and Hrnjak (2007) from the ACRC University of Illinois studied carbon dioxide and 
R410A in the same facility that this thesis research was performed, with some 
modifications. The testing facility is made up of a refrigerant loop and a secondary loop. 
Refrigerant flows through a heat transfer test section, which has a secondary fluid jacket 
that allows for heat transfer. Secondary fluid mass flow and temperature change are 
measured to calculate heat transferred. Calculation for heat transfer coefficient includes 
secondary fluid heat transfer, axial conduction of the tube, and ambient heat transfer. 
In the study R410A heat transfer tests were performed at a saturation temperature of -15°C 
in a 6.1 mm tube with mass fluxes from 100 to 400 kg/m2-s and heat fluxes from 5 to 15 
kW/m2. The heat transfer coefficient ranges for the testing conditions of 100 kg/m2-s mass 
flux and a heat flux of 5 kW/m2 for qualities from 0.1 to 0.8 varied from 2,000 to 2,200 
W/m2-K. Heat transfer coefficient at lower heat fluxes does not change with changes in 
qualities at lower mass fluxes. At higher mass fluxes heat transfer coefficient increases 
when vapor quality increases as seen in Figure 1.1. 
 
Figure 1.1: Park and Hrnjak R410A and CO2 heat transfer coefficients test data 
Man-Hoe Kim and Shin (2005) tested evaporation heat transfer of R410A in a facility 
which consists of two loops, refrigerant and heat transfer fluid. The refrigerant circulation 
loop consists of a gear pump, mass flow meter, pre-heater, test section, stabilizer, sub-
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cooling unit and a receiver. The test section consists of two concentric, circular tubes. The 
refrigerant is flowing through the inner copper tube, and the heat transfer fluid (water) is 
flowing in the counter direction to the refrigerant though the annular space. The outer 
diameter of the refrigerant copper tube is 9.2 mm and the test section length is 920 mm. 
The outer tube is acrylic and has an inner diameter of 18.0 mm.  Test section temperatures 
were measured with 12 thermocouples at three locations along the length of the tube, at the 
top, bottom, right, and left of the tube, in the circumferential direction. The entire 
refrigeration circulation loop was wrapped with 40 mm-thick foam insulation to minimize 
ambient infiltration and a 3% agreement was shown in the energy balance when running 
water at the given heat flux.  
Man-Hoe used the average of two methods to calculate heat transfer coefficient: the Wilson 
plot and the measured wall temperatures balance. The heat transfer coefficient using the 
Wilson plot method is determined with equation (1.2).  

 =

 +  +

 =          (1.2) 
Where h0A0 represents the heat transfer coefficient and area of the water side, Rw is the 
conductive thermal resistance of the tube wall, and hA is the refrigerant heat transfer 
coefficient and area. Q is the heat transfer rate obtained from the water side as shown in 
equation (1.3) 
 =  !∆
          (1.3) 
The modified Wilson method is used to get the heat transfer coefficients of the annular 
water side for the test section through an experiment.  
The second method to determine heat transfer coefficient is done using the measured wall 
temperatures and heat transfer as shown in equation (1.4), which is the same way as Greco 
calculated it.  
 = 	 #$$
%&'(          (1.4) 
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  Where q’’ is the heat transfer rate calculated from the heat transfer on the water side and 
the area of the test section, Twall is the wall temperature from the thermocouples, and Tsat is 
the refrigerant temperature calculated from the saturation pressure.  
Tests for R410A were done at a saturation temperature of 15°C, mass flux of 210 kg/m2-s, 
heat flux of 11 kW/m2, and qualities ranging from 0.2 to 0.85. The heat transfer coefficient 
for the smooth tube ranged close to 4,000 W/m2-K and did not increase with increasing 
quality as shown in Figure 1.2 by the solid circular data points, which represent the smooth 
tube.  
 
Figure 1.2: Man-Hoe Kim’s results for local heat transfer coefficients 
Man-Hoe Kim tested different micro-finned tubes which all showed an increase in heat 
transfer coefficient compared to the smooth tube.  The paper does not mention if the tubes 
with the micro-finned structures were expanded.  
In the analysis, local temperatures are compared through the different qualities at a mass 
flux of 206 kg/m2-s, a saturation temperature of 15°C, and a heat flux of 11 kW/m2. The 
figure shows a higher temperature at the bottom and a lower temperature at the top of the 
tube, but the text indicates that the top wall has the highest temperature. This might be an 
error in labeling the graph, since a stratified flow should have a higher temperature at the 
top wall. Figure 1.3 shows the reported temperature distribution, which has higher 
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difference at lower qualities, and most wall temperatures merge at higher qualities due to 
annular flow regime.  
 
Figure 1.3: Man-Ho Kim Wall temperature profiles. 
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2 Testing Facility and HTC determination 
2-1 Testing Facility 
The testing facility used for this thesis is located in the University of Illinois at Urbana 
Champaign Mechanical Engineering Laboratory. A schematic for the testing facility is 
shown in Figure 2.1. 
TtestTcal,i
Refrigerant
Pcal,i Psat
TH2O,o
mR410A
Water
mH2O
Wcal
Test Section
Tamb
Twall
Control Heater
Calorimeter Visualization
Condenser
dPhor
dPverTH20,i
 
Figure 2.1: In tube flow testing facility 
 
The facility was constructed to work on condensation and evaporation in tube heat transfer. 
For this set of experiments it was only used for evaporation. The facility uses a refrigeration 
system to condense and sub-cool the refrigerant, which is stored in the accumulator; the 
refrigerant is then pumped through a variable-speed pump and sent through a mass flow 
meter; refrigerant’s pressure and temperature are measured to determine the subcooled state 
before being heated in the calorimeter, where a resistor heater input power is measured to 
determine the two phase quality entering the test section; refrigerant exits the calorimeter, 
goes through a stabilizing section, and then enters the heat transfer test section which is 
heated by a secondary fluid; after the heat transfer test section a transparent visualization 
section allows for the capture of the refrigerant’s flow regime; after the visualization 
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section, an adiabatic section is dedicated for horizontal and vertical pressure drop; after 
measuring pressure drop a control heater is used to regulate the system pressure. 
The heat transfer test section is set up as shown in Appendix . The refrigerant flows through 
the aluminum tube at the desired test conditions and a heated water jacket provides the 
required heat to evaporate. The aluminum tube is instrumented with 12 thermocouples to 
measure wall temperature for top, bottom, front, and rear cross-sectional locations in three 
equally-distanced locations along the tube, as shown in Appendix B¡Error! No se encuentra 
el origen de la referencia.. The tube was cut where thermocouples were to be placed in order 
to have a closer reading of the flow temperature. The thermocouples were positioned in the 
cut areas and aluminum tape was placed on top to keep thermocouples in place and ensure 
contact with the tube. After the thermocouple instrumentation, the aluminum tube was 
placed inside a copper tube, centered and filled with a mixture of graphite and resin. The 
heat transfer section is made this way to allow for a quick change to a different diameter of 
the aluminum tube without having to modify the brass section, which conducts the heat 
from the water. The total length of the test section is 150 mm.   
The copper tube is placed inside the brass piece with thermal paste applied between the 
surfaces to avoid contact resistance. The heat transfer test section is located 75 cm after the 
calorimeter to stabilize the flow, as seen in Appendix C. The water jacket and brass pieces 
are split in two parts; the design makes the water flow perpendicular to the refrigerant flow 
to improve temperature distribution along the test section.  
The visualization section is made up of an aluminum tube connected to a glass tube which 
is covered with resin, in order to increase insulation and avoid condensation on the outside 
of the tube, as seen in Appendix D. The aluminum tube was cut with a wire cutter instead 
of a regular tube cutter to avoid deformation of the metal due to compression and to keep a 
consistent shape through the tube exit. The glass tube is smooth and shows the flow regime 
just after the aluminum tube exit.  
The pressure drop sections use a quick connector at both ends of the tube, which was 
drilled and brazed to connect a small tube that connects to the differential pressure 
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transducer. The quick connector has a similar diameter to the inner diameter of the tube to 
avoid flow perturbations or pressure changes due to flow changes.  
2-2 Instrument Accuracy 
Mass flow meter for water and refrigerant was measured using a Coriolis Effect mass flow 
meter with an accuracy of ±0.10% of rate. T-type thermocouples with a calibrated accuracy 
of ±0.1 °C were used. Absolute pressure transducer accuracy is ± 5.17 kPa; horizontal 
pressure transducer accuracy is ±2.5 Pa; and vertical pressure transducer accuracy is ±80 Pa. 
Additional information about the measuring devices is shown in Table 2-1. 
Description Model Range Accuracy 
Water mass flow meter Micro Motion Elite RFT9739 0 to 2180 kg/hr ± 0.10% of rate 
Refrigerant mass flow meter Micro Motion Elite RFT9739 0 to 2180 kg/hr ± 0.10% of rate 
Refrigerant absolute pressure Sensotec A5/B332-06 150 PSIG ± 0.5% FS 
Horizontal differential pressure 
measurement  
Rosemount Differential 
Pressure Transducer 3051 -25 to 25 inH2O ± 0.04% FS 
Vertical differential pressure 
measurement Sensotec Z/556-01 0 to ± 5 PSID ± 0.25% FS 
Calorimeter Watt transducer Ohio Semitronics GW5-021×5 0 to 8 kW ±0.2% reading 
Temperature measurement Omega Thermocouples T-type -60 to 100 °C ± 0.1 °C 
Table 2.1: Measuring instruments used for HTC determination 
 
2-3 Instrument Calibration 
Thermocouples were calibrated for the expected operating range of the experiment. Inlet 
and outlet water flow, inlet to calorimeter, and test section thermocouples were calibrated 
once. Thermocouples for the heat transfer test section wall were calibrated for smooth and 
finned tube test sections, since the thermocouples had to be replaced because they were 
glued to the test section with the graphite-resin mixture. Appendix F shows the relation of a 
single thermocouple and the precision thermometer; this was used to obtain the calibration 
equation used for this specific thermocouple and all the others in the data reduction 
program. Appendix G shows the precision thermometer temperature measurement, the 
thermocouple temperature readings, and the calibration fit.  
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The whole test section and other thermocouples were placed inside a thermal bath along 
with the high precision thermometer. A temperature was set and then readings were taken 
until temperatures stabilized. The finned and smooth tube test sections showed similar 
temperature reading calibrations. Appendix H shows the thermal bath and precision 
thermometer used for the calibrations.    
2-4 Determination of Heat Transfer Coefficient  
Heat transfer coefficient calculation is based on the energy balance of a controlled volume. 
The control volume is the heat transfer test section that is insulated and has four heat flow 
sources: water flow, refrigerant flow, tube conduction, and ambient infiltration, as it may be 
seen in Figure 2.2, which represents the heat transfer test section shown in Appendix A, 
which includes labels for each of the different components. The measured or calculated 
heat sources are water flow, conduction, and ambient infiltration, which together add up to 
refrigerant flow.  
 
Figure 2.2: Test section energy balance schematic showing only top section.  
The equation to balance heat transfers in the control volume is shown in Equation (2.1). 
) = *+, − '-. − /012      (2.1)) =
*+, − '-. − /012      (2.1) 
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The first term QR410A is refrigerant heat load leaving the controlled volume, since 
refrigerant is evaporating and taking heat away from the controlled volume. The second 
term QH2O is water, which is heated and provides the only source of heat to the controlled 
volume. The term considers mass flow and change in enthalpy but for this generalized 
equation all heat sources are shown as Q. The third term Qcond is conduction: Since the heat 
transfer test section is being heated by the water, the temperature of the aluminum tube in 
the test section is higher than that of the aluminum tube away from the test section. 
Therefore, conduction is heat going out of the controlled volume. Finally, the ambient heat 
load term is heat that infiltrates through insulation, since the water jacket,is warmer than 
ambient temperature and transfers heat from the test section to the environment.  
The water heat load term is calculated using Equation (2.2), using the measured water mass 
flow rate, heat transfer test section inlet, and outlet water temperature. Heat capacity at 
constant pressure is calculated using atmospheric pressure and its corresponding inlet and 
outlet temperatures.  
*+, = - *+,345*+,,7 ∗ *+,7 − 45*+,,0 ∗ *+,09     (2.2) 
The ambient heat load term is calculated using Equation (2.3) where UA is obtained 
through a calibration experiment and LMTD is calculated with Equation (2.4) inlet and 
outlet water temperatures as well as ambient temperature.  
'-. = 	 ∗         (2.3) 
 = ∆%∆+:1(∆/∆+) ; ∆ = '-. − *+,7; ∆+ = '-. − *+,0   (2.4) 
The UA value was obtained using a heating resistor placed inside the heat transfer test 
section with the insulation used in regular tests, separating the aluminum tube from the side 
tubes and running water through the test section. The heat balance for the specific test 
configuration eliminated heat loss through conduction, and therefore the energy balance 
was calculated with ambient infiltration, water, and the heating element. The heating 
element value was known, the water heat transfer rate was measured, and the ambient 
infiltration was partially known with ambient temperatures and water temperatures; 
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therefore, UA was the only unknown variable. The resulting UA value from the performed 
test was 0.109 W/K.  
The conduction heat transfer rate is calculated based on a finite difference analysis using 
Taylor series expansions and assuming that the tube temperature at a certain distance from 
the test section is at fluid saturation temperature. Since the tube section is insulated, heat is 
assumed to be transferred to the fluid only; the calculation will iterate with the heat transfer 
coefficient currently being calculated for the refrigerant. Details for the calculation are 
shown in Equations (2.5) to (2.8) and illustrated in Figure 2.3. 
/012 = + ∗ =71         (2.5) 
 
 
Figure 2.3: Conduction through aluminum tube wall 
=71 = >:∗/&2? ∗ (7% − 7)        (2.6) 
=0@( = >:∗/&2? ∗ (7 − 7A)       (2.7) 
=0@(+ =  ∗ &@BC ∗ (7 − &'()       (2.8) 
Once the heat transfer rates form conduction, and ambient and water are measured and 
calculated, the refrigerant heat transfer rate may be calculated. The resulting QR410Af value 
is used to calculate the heat transfer coefficient with Equation (2.9) 
) =  ∗ &@BC ∗ (':: − &'()      (2.9) 
T
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Qref is known, Asurf is calculated using the internal tube diameter or average diameter for the 
finned tube and the length of the test section, Twall is measured on the outside of the tube 
wall and Tsat is the refrigerant saturation temperature. For the tested conditions and 
geometry of the tubes tested, the change in temperature from the wall outside to the inside 
of the tube is negligible as it was calculated for radial conduction in a tube.  
 
2-5 Uncertainty  
Uncertainty propagation was based on NIST Technical Note 1297 (Taylor B.N. and Kuyatt, 
C.E., Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement 
Results, National Institute of Standards and Technology Technical Note 1297, 1994) and 
calculated using EES which takes the sum of the square root of the partial derivative of 
each term, with respect to the heat transfer coefficient squared, multiplied by the squared 
uncertainty of the variable as shown in Equation (2.10) 
D = E∑ G HIHJ7K
+J+7           (2.10) 
The measured variables affecting heat transfer coefficient uncertainty can be seen directly 
from equations 3.1 to 3.9 with instrument uncertainty given in table 2-1. An example of the 
uncertainty propagation analysis for a specific data point is shown in Figure 2.4, where the 
calculated heat transfer coefficient is 1808 W/m2-K and the uncertainty is 298.7 W/m2-K, 
which represents 16.5%. Uncertainty ranges from 10.2% to 23.6%.  
 
Figure 2.4: Heat Transfer Coefficient uncertainty calculation 
13 
 
2-6 Tube samples 
Two tube samples were used for this study: a smooth aluminum tube and a coaxially-finned 
aluminum tube. Both tubes were extruded. The smooth aluminum tube has an outer 
diameter of 7.0 mm and an inner diameter of 6.3 mm. The coaxially-finned tube had a 7.0 
mm outer diameter, and it was expanded without air side fins to replicate the real process 
involved in heat exchanger manufacturing, in which tubes are expanded to provide contact 
between air side fins and the tube. The resulting expanded coaxially-finned aluminum tube 
had an outer diameter of 7.4 mm and a wall thickness at the base of the fins of 0.44 mm, as 
seen in Figure 2.5.   
 
Figure 2.5: Cross section view of smooth, expanded finned and unexpanded finned tubes. 
Image courtesy of CTS by Hui Zhao  
The finned tube calculations used a molten diameter for mass flux and heat transfer. The 
molten diameter is calculated by displacing the fin area to the base diameter and calculating 
Finned after  
expansion  
comparison 
Finned before  
expansion 
Smooth tube 
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a new smooth diameter based on the increased thickness. The resulting molten diameter for 
the expanded finned tube was 6.3 mm.  
The inner surfaces of the tubes were scanned with a 3D optical profiler that captured the 
microscopic topography of both tube samples. Images of the scanned surface are shown in 
Figure 2.6.  
 
 
 
  
a b c 
Figure 2.6: Surface roughness of a) smooth tube b) isometric view of micro finned tube and 
c) zoomed in to the tip of the fin presented in b.  
The scanning apparatus also provided geometric product specifications – surface texture 
according to the ISO 25178. The root mean square height of the surface (Sq) roughness for 
the smooth and expanded microfin tube was 5.13 µm and 1.00 µm respectively. No major 
differences in surface topography were found.  
The image in Figure 2.6 a) shows the extrusion pattern which creates transversal grooves. 
The surface height along the extrusion does not change significantly compared to the 
surface height change seen perpendicular to the extrusion which may be up to 1 to 2 micro 
meters.  The image in Figure 2.6 b) shows the difference in height from the bottom of the 
fin to the top of the fin which is comparable to the image presented in Figure 2.5. The 
image in Figure 2.5 c) shows the surface of the tip of the fin which was expanded with a 
mandrill.   
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3 Results 
 
3-1  Heat Transfer Coefficient  
The smooth and finned tubes were used to test heat transfer coefficient at 7 qualities 
ranging from 0.1 to 0.8 at 9 different heat and mass flux combinations, which include heat 
fluxes of 4, 9 and 14 kW/m2 and mass fluxes of 100, 180 and 250 kg/m2K. Tables showing 
the comparison between heat transfer coefficients for the different conditions, including the 
calculated error bars, are shown in Figure 3.1. 
 
 
Figure 3.1: Heat transfer coefficient of R410A at Tsat =10°C.  
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Figure 3.1 (cont.) 
Each data point presented is an average of 50 data points taken after the system had 
stabilized and at a sampling rate of 6 data points per minute. Most testing conditions show 
that the heat transfer coefficient is not significantly affected by increasing quality; the heat 
transfer coefficient did not change significantly despite a range in quality from 0.1 to 0.8. 
At heat fluxes of 9 and 14 kW/m2 the finned tube has a higher heat transfer coefficient than 
the smooth tube, while at 4 kW/m2 the heat transfer coefficient is similar. The micro-finned 
heat transfer coefficients were 0 to 29 %, 36 to 84 %, and 48 to 76 % larger than the smooth 
tube for heat fluxes of 4, 9 and 14 kW/m2, correspondingly, except for four conditions at a 
heat flux of 4 kW/m2 where the finned tube showed a similar or lower heat transfer 
coefficient. The increase in heat transfer coefficient with increase in heat flux is evident and 
can be seen over entire mass flux range; while the increase of heat transfer coefficient with 
increase in mass flux is barely noticeable, correlations do show an increase in heat transfer 
coefficient with increase of refrigerant mass flux, which may indicate the testing facility 
and current configuration may be somewhat insensitive to mass flux changes.  
The single-phase Dittus-Boelter equation, whose historical origins are discussed by 
Winterton (1998), is used to predict heat transfer coefficient at qualities 0 and 1 and are 
presented in the graphs to indicate asymptotes for the range examined. The requirements 
for the Reynolds and Prandtl numbers as well as the length-to-diameter ratio for the Dittus-
Boelter calculation are met.           
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The smooth tube data was compared to three correlations: Shah (1976), Gungor and 
Winterton (1986), and Schrock and Grossman (1959). The correlations are old and were 
developed before the invention of R410A, but they are accepted and used widely 
throughout the literature. The Figure 3.2 compares the data points to the correlations.  
 
Figure 3.2: Smooth tube data points at G=100 kg/m2-s and q=4 kW/m2 compared to 
correlations 
Figure 3.2 shows that measured values are below the predicted values of the correlations; 
overall, the  behavior of the heat transfer coefficient with changes in quality is similar, 
since there is no increase in the heat transfer coefficient with increasing quality.  
3-2 Heat Transfer Coefficient correlations  
The Shah (1976) Correlation is used for saturated flow boiling in vertical and horizontal 
tubes. Shah proposed the following form: 
 = L&:          (4.1) 
In equation (4.1) hl is the single-phase coefficient flowing in a tube similar to the Dittus 
Boelter correlation using only the liquid state. MN  is a multiplier and a function of the 
boiling number, convection number, and Froude Number, which are defined as: 
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OP = GQ%RR K
S.U GVWVXK
S.Y
          (4.2) 
ZP = [\\]^XW           (4.3) 
_ a`b = ]cVXcde           (4.4) 
ZP = [\\]^XW           (4.5) 
ℎa = 0.023 GjXeK klaS.Um a`S.n         (4.6) 
kla = ](Q%R)eoX            (4.7) 
The correlation was graphically represented using the convection number and other parameters 
to locate the corresponding MN multiplier. Later Shah recommended a computational 
representation of his correlation, which is defined as follows: 
If   _ a`b ≥ 0.04              rN = OP     (4.8) 
If   _ a`b < 0.04          rN = 0.38_ a`b%S.uOP    (4.9) 
If   ZP ≥ 11w10%n              _N = 14.7      (4.10) 
If   ZP < 11w10%n              _N = 15.4     (4.11) 
Mz{ = 1.8rN%S.U      (4.12) 
After calculating the previous parameters, the result for the MN  multiplier will depend on the 
calculated Ns parameter. It is defined as follows: 
If   rN > 1.0               MN = }~w	P	(Mz{ , M{)   (4.13) 
If   rN ≤ 1.0               MN = }~w	P	(Mz{ , M{N)   (4.14) 
Where M{ can be calculated as: 
If   ZP > 0.3w10%n              M{ = 230ZPS.Y     (4.15) 
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If   ZP ≤ 0.3w10%n              M{ = 1 + 46ZPS.Y     (4.16) 
And M{N can be calculated as:  
If   rN ≥ 0.1               M{N = _NZPS.Yexp	(2.74rN%S.Q)   (4.17) 
If   rN < 0.1               M{N = _NZPS.Yexp	(2.47rN%S.QY)   (4.18) 
 
The calculations agree with the curves of the graphical representation within ±6% over most of 
the chart. Further details on the correlation may be acquired by referencing the original paper by 
Van P. Carey (2008) in the Liquid-Vapor Phase-Change Phenomena book where he details the 
correlation. 
Gungor and Winterton (1986) proposed a correlation for heat transfer during convective flow 
boiling in vertical tubes. The correlation is defined as:  
ℎ = ℎa 1 + 3000ZPS.U + G RQ%RK
S.Y GVXVWK
S.nQ       (4.19) 
In Gungor Correlation ℎa and Bo are defined as Shah described.  
Schrock and Grossman (1959) recommended the following correlation which is based on a fit to 
a vertical upward water flow boiling heat transfer data: 
ℎ = ℎa ∗ OQ ZP + O G QK
S.         (4.20) 
From the equation ℎa and Bo numbers are the same as mentioned before. The investigators 
recommended using OQ=6.70 x 103 and O=3.5 x 10-4 for this correlation. The Martinelli 
parameter for turbulent flow is defined as:  
 = GVWVXK
S.Y GoXoWK
S.QY GQ%RR K
S.UY
         (4.21) 
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3-3 Experimental repeatability 
Once the smooth tube tests for the 9 different combinations of heat flux and mass flux were 
finished, the range of qualities at a mass flux and heat flux of 180 kW/m2-s and 14 kW/m2 was 
repeated. Figure 3.3 shows the overlapping results, indicating repeatability in the experiment. 
The difference in heat transfer coefficient ranged from 0.1% to a maximum of 2%.  
 
Figure 3.3: Repeatability of test data set at G=180 kg/s-m2 and q= 14 kW/m2  
 
3-4  Pressure Drop 
Horizontal and vertical pressure drop was measured for both types of tubes. The smooth tube 
pressure drop was compared to the Friedel two-phase flow pressure drop in both horizontal and 
vertical orientations. The comparison between the Friedel correlation and the data points is 
shown in Figure 3.4; note that error bars are not shown because the bullets obstruct them, since 
horizontal pressure transducer accuracy is ±2.5 Pa and vertical pressure transducer accuracy is 
±80 Pa.  
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Figure 3.4: Smooth tube pressure drop compared to Friedel two phase pressure drop correlation. 
The graphs show a general agreement between correlation and measurements. The pressure drop 
in horizontal flow at 100 kg/m2-s has better agreement with the correlation than at other mass 
fluxes, where data points show a higher pressure drop than that predicted by the correlation.  The 
pressure drop for vertical flow shows correlation values higher than that of the measurements. 
The vertical test section shows a large decrease in pressure drop as vapor quality increases for 
the values below 0.3, caused by the hydrostatic pressure drop decrease due to lower average 
density of the fluid; as quality increases, the high vapor velocity compensates for the hydrostatic 
pressure drop and the overall pressure drop is kept in a plateau-shaped trend for the lower mass 
fluxes; in the 250 kg/m2-s mass flux case, it is seen that around a quality of 0.5 the frictional 
pressure drop makes an increase in the overall pressure drop, despite the a decrease in 
hydrostatic pressure drop. The solid orange markers at qualities 0 and 1 represent pressure drop 
for single phase fluid; the difference between horizontal and vertical pressure drop is due to 
hydrostatic pressure.  
The smooth tube and finned tube pressure drops are compared in Figure 3.5. The pressure drop is 
higher in the finned tube for all mass fluxes and tube orientations. At lower qualities pressure 
drop is similar for different mass fluxes, but as quality increases pressure drop difference 
increases. It is seen that at vapor qualities close to 1, pressure drops for the same mass fluxes are 
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similar; this indicates that the frictional pressure drop of vapor is the highest contributor to the 
overall pressure drop, no matter the orientation of the tube. This is because the hydrostatic 
pressure drop becomes minimal due to the low density of vapor. In the vertically-oriented tube 
and at qualities close to 0, pressure drops from different mass fluxes merge to the same value 
because the hydrostatic pressure drop comprises most of the overall pressure drop, while the 
liquid frictional pressure drop is a small contributor. This trend is observed in the obtained 
pressure drop and in the correlations.  
  
Figure 3.5: R410A pressure drop at Tsat = 10°C 
3-5  Flow Regimes 
The visualization section was made to capture the flow after it exits the aluminum tube. 
Visualization and recording is done 1 cm from the aluminum tube exit. Manufacturing a 
transparent tube with the same geometrical shape as the finned tube and obtaining good images 
is complicated because machining or deforming glass or plastic will make visibility difficult and 
cause light to refract. This experiment records the flow regime in a glass tube with an inner 
diameter of 7.0 mm.  
 
 
0
1
2
3
4
5
6
7
8
9
10
0 0.2 0.4 0.6 0.8 1
dP
[kPa/m]
X
Horizontal Pressure Drop
0
1
2
3
4
5
6
7
8
9
10
0 0.2 0.4 0.6 0.8 1
dP
[kPa/m]
X
Vertical Pressure Drop
G250 Finned
G180 Finned
G100 Finned
G250 Smooth
G180 Smooth
G100 Smooth
23 
 
Smooth Tube 
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Figure 3.6: Smooth tube flow regimes 
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Figure 3.7: Finned tube flow regimes 
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Figure 3.8: Smooth tube flow regime in orange boxes overlapping Cheng map and Mastrullo 
data points. 
 
Figure 3.9: Finned tube flow regimes in orange boxes overlapping Cheng map and Mastrullo 
data points. 
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The visualization used a high-speed camera taking 2,200 frames per second to capture the fast 
moving fluid in the tube. The flow regime is better identified with the video than with pictures. 
For the current purpose of this thesis, the images are shown with the label of the quality and the 
flow regime observed while moving. The refrigerant in all pictures is flowing from left to right.   
Initial visualization of the smooth tube flow regime was done at mass fluxes of 100, 180 and 250 
kg/m2-s for 7 qualities. Figure 3.6 shows in-tube flow regimes for the smooth tube and Figure 3.7 
for the finned tube. Once the flow was visualized and the regime identified, it was compared to 
Mastrullo et al.’s (2011) data points in a Cheng et al. (2008) flow map. The finned and smooth 
tube flow regimes are the same except for two qualities at a mass flux of 180 kg/m2-s, where 
stratified flow is seen in the finned tube and annular flow for the smooth tube.  
The flow regimes agree with the data presented by Mastrullo and Cheng as seen in Figure 3.8 
and Figure 3.9 except for a few points at qualities from 0.2 to 0.4 where the flow showed 
stratified flow and Mastrullo indicated intermittent flow.   
 
3-6 Discussion 
The heat transfer test section used for this thesis was previously built and used for experiments 
using saturation temperatures ranging from -30 to -15 °C. Some modifications were made, which 
resulted in the current testing apparatus and calculations. Initial tests for heat transfer coefficient 
used HFE7100 as a secondary fluid, which has a lower specific heat of 1.13 kJ/kg-K compared to 
that of water, at 4.18 kJ/kg-K. Thermocouple accuracy is a major contributor to the overall 
accuracy of the heat transfer coefficient calculation, and a high temperature change for the same 
heat transfer rate is desired; therefore, the HFE7100 is the better option in that respect. The 
problem with HFE7100 is that it evaporates at 60 °C at atmospheric pressure, and when testing at 
a heat flux of 15 kW/m2, a temperature close to 60 °C was needed to get the temperature 
difference to drive the required heat transfer rate. This resulted in local evaporation and created 
bubbles that caused mass flow fluctuations.  Because of these issues, the decision was made to 
change to water as the secondary fluid.  
Preliminary tests with a larger internal diameter smooth aluminum tube showed a higher heat 
transfer coefficient than the micro-finned aluminum tube. The preliminary smooth tube tests 
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were discarded because the thermocouples were not calibrated for that set of tests, and a larger 
range pressure transducer was used, which was not calibrated either. Measured values were taken 
in as the measuring instrument, which has higher uncertainty than calibrated measurements, 
provided them. The preliminary smooth tube had an internal diameter of 7.9 mm, while the 
micro-finned tube had a molten diameter of 6.3 mm or 6.5 mm at the base of the fins; The 
smooth tube used for the test set shown in this thesis had an internal diameter of 6.3 and used 
calibrated instruments.  
After calibration, the difference in fluid temperature from the actual flow measurement taken 
after the heat transfer test section and the saturation temperature from the pressure transducer 
ranged up to a maximum of 0.45 °C. The thermocouple reading is always higher than the 
saturation temperature and the gap increases as the quality increases; this could indicate that the 
thermocouple may be reading some of the local superheated vapor temperature. Overall strong 
agreement is seen in these measurements, which can be consulted in Appendix J. 
It is important for the accuracy of the experiment that the resulting refrigerant heat transfer rate is 
mainly attributed to the water heat transfer rate; meanwhile, conduction and ambient infiltration 
should be minimal. The heat transfer rate of the refrigerant is composed in average of 86.4% of 
water, 6.2% of ambient, and 7.4% of conduction heat transfer rate. The minimum value of the 
water heat transfer rate is 82.2%.  
The temperature in the cross-section of the tube is not consistent through the length of the tube 
and does not show a higher temperature at the top than at the bottom in stratified flow. Initial 
ideas as to what caused the temperature fluctuations included water flow distribution in the outer 
jacket, but were discarded since the change in temperature of the water does not exceed 2 °C. 
Another idea as to what might be causing the temperature changes is the concentric placement of 
the aluminum tube inside the copper tube and the concentrated distribution of graphite in the 
resin mixture, which might generate areas of higher conductivity. A cross-sectional picture of the 
aluminum tube inside the copper tube with the mixture is shown in Appendix I. With this known, 
the calculations were based on average wall temperature at the four cross-sectional points in the 
tube: top, front, bottom, and rear at the three locations along the tube.  
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Considering the characteristics of the testing facility, its calibration, and testing method, and 
considering that results are repeatable, it is concluded that the heat transfer coefficient in the 
finned tube is higher than the smooth tube.  
3-7 Enhancement and penalty factor 
Typical way of evaluating performance of the enhancement of the heat transfer due to microfins 
is using enhancement factor EF=hfinned/hsmooth and associated increase in pressure drop through 
penalty factor PF=dPfinned/dPsmooth. The enhancement factor for the different testing conditions is 
shown in Figure 3.10. It may be seen that the enhancement factor is higher at higher heat fluxes 
and lower mass fluxes. The highest enhancement factor for all heat fluxes is 1.85 and at the a 
heat flux of 4.5 kW/m2 has a maximum of 1.3. The penalty factor shown in Figure 3.11 shows 
that at higher mass fluxes penalty factor increases. For a mass flux of 100 kg/s-m2 the penalty 
factor goes up to a maximum of 1.4. The obtained enhancement factor of Kim and Shin (2005) at 
45 kg/h (210 kg/s-m2) and a heat flux of 11 kW/m2 in coaxial micro-finned tube was 1.93 which 
could be compared to the average enhancement factor of these test results at a heat flux of 9 
kW/m2 and a mass flux of 250 kg/s-m2 which resulted in 1.58.    
 
Figure 3.10: Enhancement factor (h finned tube/h smooth tube) for different testing conditions. 
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Figure 3.11: Penalty Factor (dPhor finned tube/dPhot smooth tube) for the three mass fluxes. 
Kim and Shin did not show penalty factor which may be commonly presented along with enhancement 
factor.  
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4 Summary and conclusions 
 
This work finds that longitudinal micro-fins have positive effect on flow boiling of R410A inside 
the extruded aluminum tube of internal diameter of 6.3 mm.  
The heat transfer coefficient improvement characterized through enhancement factor is measured 
to be in the range of 0.91 to 1.85 (Figure 3.10). The penalty factor for the same operating 
conditions was in the range of 0 to 1.72 (Figure 3.11). The flow regimes observed in smooth tube 
show similar behavior as that presented by Mastrullo et al. (2011) and Cheng et al. (2008). 
Visualization of the flow immediately after test section show minimal effect of microfins on flow 
regimes. At a mass flux of 180 kg/s-m2 a delay in transition from stratified to annular flow is 
observed.  
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Appendixes 
Appendix A 
Top half of the heat transfer test section. Refrigerant flows through the inner aluminum tube. 
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Appendix B 
Twelve thermocouples were instrumented in the aluminum tube inside a perforation and covered with 
aluminum tape. 
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Appendix C 
On the left: assembled heat transfer test section before adding insulation; On the right: stabilization 
section between calorimeter and test section and zoom in to test section before adding insulation. 
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Appendix D 
Visualization section shown on the left and an imaged captured on this visualization section on the right 
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Appendix E 
Pressure drop connectors show smooth transition to tube surface and small hole to connect to pressure 
transducer.  
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Appendix F 
Single thermocouple calibration data points compared to precision thermometer 
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Appendix G 
Smooth and finned heat transfer test section thermocouple calibration values 
Smooth 
Description 
Reading 
1 
Reading 
2 
Reading 
3 
Reading 
4 Calibration R2 
Precision 
Thermometer 
4.529 10.449 15.35 20.852 - 1 
Left Top 4.32 10.23 15.25 20.67 0.996T + 0.218 1 
Left Front 4.30 10.22 15.25 20.67 0.994T + 0.250 1 
Left Bottom 4.30 10.21 15.25 20.67 0.995T + 0.249 1 
Left Rear 4.32 10.23 15.25 20.65 0.997T + 0.210 1 
Center Top 4.32 10.30 15.27 20.75 0.992T + 0.226 1 
Center Front 4.31 10.29 15.26 20.75 0.992T + 0.243 1 
Center Bottom 4.35 10.31 15.28 20.75 0.994T + 0.193 1 
Center Rear 4.31 10.28 15.25 20.74 0.992T + 0.240 1 
Right Top 4.36 10.31 15.29 20.81 0.991T + 0.212 1 
Right Front 4.36 10.31 15.29 20.81 0.991T + 0.211 1 
Right Bottom 4.36 10.31 15.29 20.80 0.991T + 0.211 1 
Right Rear 4.35 10.31 15.28 20.80 0.991T + 0.218 1 
Finned 
Description 
Reading 
1 
Reading 
2 
Reading 
3 
Reading 
4 Calibration R2 
Precision 
Thermometer 
4.74 8.752 14.409 20.123 - 1 
Left Top 4.55 8.56 14.22 19.94 0.999T + 0.192 1 
Left Front 4.54 8.56 14.21 19.93 0.999T + 0.199 1 
Left Bottom 4.54 8.56 14.21 19.94 0.999T + 0.202 1 
Left Rear 4.54 8.56 14.21 19.92 T + 0.198 1 
Center Top 4.52 8.55 14.20 19.92 0.999T + 0.214 1 
Center Front 4.52 8.54 14.20 19.92 0.999T + 0.219 1 
Center Bottom 4.52 8.53 14.19 19.91 0.999T + 0.221 1 
Center Rear 4.52 8.53 14.19 19.91 0.999T + 0.221 1 
Right Top 4.55 8.56 14.21 19.93 1.000T + 0.184 1 
40 
 
Right Front 4.54 8.56 14.20 19.92 1.000T + 0.195 1 
Right Bottom 4.53 8.55 14.19 19.92 1.000T + 0.203 1 
Right Rear 4.53 8.54 14.19 19.91 1.000T + 0.211 1 
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Appendix H 
Thermal bath and precision thermometer used for thermocouple calibration 
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Appendix I 
Cross sectional picture of the tube test section composition which includes aluminum tube in the center, 
copper tube at the outer layer and graphite-resin mixture to fill in between. 
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Appendix J 
Test data results 
Smooth Tube ID 6.3 mm 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.10 0.74 99.6 5.1 10.02 10.34 16.88 40.94 39.21 -15.1 18.4 -1.6 -1.8 2.56 0.31 3.89 
0.20 0.79 101.0 5.4 10.04 10.40 16.87 39.54 37.80 -16.0 19.3 -1.4 -1.8 2.65 0.33 3.58 
0.33 0.76 103.3 5.2 10.02 10.90 16.84 38.71 37.07 -15.5 18.6 -1.3 -1.8 2.72 0.37 2.97 
0.47 0.76 104.4 5.2 10.04 10.94 16.80 38.07 36.52 -15.3 18.4 -1.3 -1.8 2.85 0.46 2.13 
0.60 0.77 105.1 5.2 10.05 10.95 16.76 37.67 36.13 -15.3 18.3 -1.2 -1.8 2.84 0.55 1.65 
0.70 0.77 105.4 5.1 10.05 10.97 16.65 37.01 35.54 -15.2 18.1 -1.2 -1.8 2.95 0.64 1.29 
0.79 0.78 105.2 5.1 10.13 11.06 16.68 36.80 35.36 -15.1 18.0 -1.1 -1.7 3.00 0.68 1.18 
0.88 0.77 105.2 5.0 10.30 11.24 16.82 36.60 35.21 -14.9 17.7 -1.1 -1.7 3.05 0.68 0.82 
0.95 0.73 105.5 4.9 10.62 11.68 17.32 36.54 35.17 -14.5 17.4 -1.1 -1.7 3.04 0.63 0.54 
0.10 1.26 99.6 9.4 10.03 10.40 17.50 44.30 43.04 -27.9 32.4 -2.0 -2.5 6.16 0.30 3.95 
0.20 1.19 101.7 9.2 10.02 10.43 17.76 44.51 43.26 -27.2 31.8 -2.0 -2.5 6.13 0.32 3.72 
0.33 1.17 104.1 9.3 10.07 10.99 18.01 44.84 43.58 -27.5 32.1 -2.1 -2.6 6.10 0.38 2.91 
0.45 1.09 108.4 8.8 10.00 10.96 18.04 45.00 43.76 -26.1 30.7 -2.1 -2.5 5.91 0.49 2.13 
0.61 1.03 104.8 8.4 10.04 11.02 18.25 45.22 44.11 -25.0 29.6 -2.1 -2.5 6.37 0.58 1.53 
0.73 1.00 99.7 8.9 10.02 11.02 18.87 48.24 47.07 -26.3 31.4 -2.4 -2.7 6.41 0.60 1.17 
0.83 1.00 99.7 8.9 10.10 11.10 19.00 48.35 47.17 -26.4 31.5 -2.4 -2.7 6.42 0.62 0.97 
0.93 0.95 100.3 8.8 9.84 10.99 19.16 48.51 47.35 -26.2 31.4 -2.4 -2.7 6.50 0.57 0.44 
0.11 1.42 106.4 13.8 10.11 10.57 19.84 55.97 55.19 -41.0 47.7 -3.3 -3.4 14.66 0.33 3.68 
0.18 1.37 104.3 13.8 9.95 10.41 20.05 56.80 56.03 -40.9 47.8 -3.4 -3.5 14.89 0.32 3.72 
0.36 1.30 104.5 13.3 10.03 11.07 20.25 56.32 55.60 -39.4 46.2 -3.3 -3.5 15.35 0.41 2.65 
0.49 1.29 106.5 13.4 10.02 11.07 20.42 57.03 56.30 -39.7 46.6 -3.4 -3.5 15.24 0.51 1.96 
0.60 1.27 106.0 13.4 9.94 11.00 20.54 57.74 56.99 -39.8 46.8 -3.5 -3.6 14.99 0.59 1.54 
0.70 1.29 106.2 13.4 10.03 11.08 20.47 56.89 56.18 -39.8 46.7 -3.4 -3.5 15.87 0.67 1.20 
0.79 1.27 107.1 13.5 9.95 11.02 20.52 57.43 56.71 -40.0 47.0 -3.4 -3.6 15.50 0.72 1.15 
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Smooth Tube ID 6.3 mm 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.11 0.97 186.7 5.2 10.03 10.41 15.37 35.67 34.16 -15.3 18.0 -1.1 -1.6 2.85 0.53 4.16 
0.19 0.94 186.8 5.1 10.07 10.51 15.50 35.54 34.07 -15.1 17.8 -1.1 -1.6 2.92 0.64 4.02 
0.34 0.91 189.9 5.0 10.08 10.72 15.62 35.42 34.01 -15.0 17.7 -1.1 -1.6 2.99 0.92 2.92 
0.50 0.97 185.6 5.1 10.23 10.88 15.46 35.38 33.96 -15.1 17.8 -1.1 -1.6 3.00 1.34 2.46 
0.63 0.99 182.6 5.1 10.07 10.65 15.23 35.32 33.91 -15.2 17.8 -1.1 -1.5 3.02 1.74 2.43 
0.71 1.00 180.5 5.1 10.19 10.75 15.33 35.30 33.88 -15.2 17.8 -1.1 -1.5 3.01 1.92 2.33 
0.80 0.97 179.0 4.9 10.33 10.91 15.38 35.01 33.66 -14.6 17.1 -1.0 -1.5 3.03 2.02 2.04 
0.10 1.27 181.4 9.5 10.04 10.45 17.52 46.16 45.03 -28.2 33.0 -2.3 -2.5 6.95 0.50 3.99 
0.19 1.24 182.2 9.5 10.01 10.52 17.71 46.85 45.68 -28.3 33.2 -2.3 -2.6 6.77 0.60 3.92 
0.35 1.16 182.1 9.2 10.04 10.80 18.00 47.13 46.01 -27.4 32.3 -2.4 -2.6 6.88 0.95 2.78 
0.49 1.20 178.2 9.3 10.11 10.84 17.89 47.24 46.10 -27.7 32.6 -2.4 -2.5 6.85 1.25 2.52 
0.61 1.25 178.5 9.4 10.07 10.74 17.57 47.36 46.21 -27.9 32.8 -2.4 -2.5 6.82 1.61 2.33 
0.71 1.25 175.0 9.4 9.98 10.61 17.47 47.52 46.33 -27.9 32.8 -2.4 -2.5 6.58 1.82 2.17 
0.81 1.22 179.0 9.2 9.92 10.54 17.49 47.98 46.66 -27.4 32.3 -2.4 -2.5 5.90 2.04 1.97 
0.12 1.40 173.9 13.6 10.00 10.41 19.72 56.98 56.29 -40.4 47.2 -3.4 -3.4 16.28 0.51 3.87 
0.19 1.39 178.5 13.6 10.05 10.57 19.88 57.20 56.50 -40.5 47.3 -3.4 -3.4 16.12 0.61 3.90 
0.37 1.35 177.8 13.6 10.11 10.94 20.15 57.40 56.70 -40.3 47.2 -3.4 -3.5 16.06 0.98 2.76 
0.55 1.38 172.4 13.7 10.19 11.01 20.11 57.61 56.90 -40.6 47.5 -3.4 -3.5 16.02 1.39 2.47 
0.64 1.42 176.5 13.8 10.05 10.73 19.73 57.97 57.23 -40.9 47.8 -3.5 -3.4 15.43 1.68 2.34 
0.70 1.43 176.0 13.7 10.16 10.83 19.75 58.05 57.31 -40.7 47.6 -3.5 -3.4 15.31 1.80 2.18 
0.83 1.43 174.7 13.8 10.18 10.88 19.77 58.09 57.35 -40.8 47.7 -3.5 -3.4 15.29 1.96 1.90 
0.11 0.99 248.6 5.0 10.07 10.43 15.14 34.80 33.44 -14.9 17.5 -1.0 -1.5 3.07 0.74 4.51 
0.21 0.97 255.5 5.0 10.03 10.44 15.17 34.66 33.33 -14.8 17.3 -1.0 -1.5 3.12 1.12 4.01 
0.36 1.00 250.3 5.0 10.02 10.48 15.05 34.60 33.26 -14.9 17.4 -1.0 -1.5 3.10 1.72 3.51 
0.52 0.99 248.4 4.8 10.94 11.41 15.78 34.52 33.23 -14.3 16.7 -1.0 -1.5 3.11 2.57 3.59 
0.62 1.04 243.8 5.3 9.93 10.43 15.03 34.97 33.57 -15.8 18.3 -1.0 -1.6 3.12 3.15 3.69 
0.68 1.05 255.6 5.3 9.94 10.47 15.03 35.09 33.70 -15.8 18.3 -1.0 -1.6 3.16 3.80 3.78 
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Smooth Tube ID 6.3 mm 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.82 1.05 252.0 5.3 10.22 10.77 15.25 35.17 33.79 -15.6 18.2 -1.0 -1.5 3.16 4.11 3.61 
0.10 1.22 248.2 9.4 10.04 10.44 17.76 48.95 47.41 -27.9 33.0 -2.5 -2.5 5.12 0.73 4.38 
0.20 1.18 251.2 9.3 10.09 10.53 18.00 49.25 47.64 -27.7 32.8 -2.5 -2.6 4.87 1.05 3.98 
0.36 1.21 246.3 9.3 10.10 10.57 17.81 49.49 47.80 -27.7 32.7 -2.5 -2.5 4.63 1.68 3.48 
0.49 1.20 257.6 9.3 10.21 10.70 17.91 49.77 48.00 -27.5 32.6 -2.6 -2.5 4.41 2.66 3.83 
0.59 1.21 252.4 9.3 10.21 10.72 17.93 50.03 48.17 -27.6 32.7 -2.6 -2.5 4.21 3.23 3.69 
0.71 1.16 248.8 9.0 10.08 10.63 17.85 50.25 48.34 -26.8 31.9 -2.6 -2.5 3.98 3.73 3.60 
0.81 1.21 254.0 9.4 10.17 10.74 17.88 50.03 48.26 -27.8 32.9 -2.6 -2.5 4.46 4.15 3.65 
0.11 1.61 251.3 13.5 10.04 10.40 18.42 51.93 51.07 -40.0 46.1 -3.0 -3.1 12.85 0.77 4.48 
0.21 1.46 250.7 13.3 10.05 10.46 19.14 55.07 54.31 -39.5 46.1 -3.3 -3.3 14.40 1.08 3.92 
0.36 1.48 247.4 13.3 10.09 10.55 19.05 55.60 54.83 -39.4 46.0 -3.4 -3.2 14.17 1.74 3.49 
0.48 1.54 258.2 14.1 10.03 10.49 19.18 56.91 56.03 -42.0 48.8 -3.5 -3.4 13.12 2.70 3.80 
0.60 1.50 252.0 13.8 10.06 10.56 19.26 56.93 56.21 -40.9 47.7 -3.5 -3.3 15.74 3.28 3.70 
0.72 1.48 248.8 13.6 10.16 10.68 19.36 57.18 56.44 -40.5 47.3 -3.5 -3.3 15.32 3.78 3.65 
0.79 1.49 253.5 13.7 9.96 10.48 19.17 57.30 56.56 -40.7 47.6 -3.5 -3.3 15.26 4.18 3.68 
 
 
Finned Tube ID 6.3 mm (molten) 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.10 0.90 104.6 3.8 10.1 10.15 14.33 43.03 41.79 -11.4 14.5 -1.6 -1.6 2.8 0.4 4.333 
0.20 0.98 101.9 4.2 10.0 10.17 14.36 42.91 41.71 -12.6 15.8 -1.5 -1.7 3.2 0.4 4.021 
0.34 0.94 104.1 4.4 10.1 10.30 14.75 42.80 41.66 -13.1 16.3 -1.5 -1.8 3.4 0.6 3.151 
0.50 0.94 105.5 4.5 10.1 10.36 14.88 42.73 41.5 -13.3 16.6 -1.5 -1.8 3.2 0.8 2.519 
0.61 0.87 104.7 4.1 10.5 10.72 15.13 42.47 41.21 -12.1 15.3 -1.5 -1.7 2.9 0.9 2.251 
0.70 1.00 104.2 4.6 10.0 10.31 14.57 41.57 40.28 -13.5 16.7 -1.4 -1.8 3.1 1.0 2.068 
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Finned Tube ID 6.3 mm (molten) 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.81 0.94 105.3 4.1 9.9 10.24 14.26 40.85 39.63 -12.2 15.1 -1.3 -1.6 2.9 1.0 1.78 
0.10 2.19 104.7 8.7 9.9 10.20 13.90 39.02 37.85 -25.7 29.2 -1.3 -2.2 6.0 0.4 4.216 
0.20 2.09 103.5 9.0 9.9 10.13 14.17 41.42 40.18 -26.8 30.7 -1.5 -2.4 5.9 0.5 4.129 
0.33 1.82 104.6 8.8 10.0 10.32 14.85 43.05 41.85 -26.2 30.4 -1.7 -2.5 6.1 0.6 3.168 
0.49 1.82 106.6 9.1 9.9 10.29 14.94 43.33 42.08 -27.0 31.3 -1.7 -2.6 6.0 0.8 2.517 
0.59 1.78 104.3 9.0 10.0 10.33 15.01 43.58 42.34 -26.7 31.0 -1.8 -2.6 6.0 0.8 2.312 
0.71 1.79 102.6 9.0 10.0 10.42 15.09 43.90 42.65 -26.8 31.2 -1.8 -2.6 6.0 0.9 1.979 
0.81 1.84 103.5 9.1 10.1 10.52 15.02 44.03 42.78 -27.0 31.3 -1.8 -2.5 6.0 1.0 1.67 
0.10 2.50 103.1 13.8 10.0 10.15 15.58 52.99 51.96 -41.1 47.2 -2.8 -3.3 11.0 0.4 4.055 
0.20 2.33 100.3 13.6 10.0 10.26 15.84 54.24 53.2 -40.4 46.6 -2.9 -3.4 10.8 0.4 4.022 
0.36 2.16 100.5 13.5 10.2 10.47 16.43 54.96 53.85 -40.1 46.6 -3.0 -3.5 10.0 0.6 3.028 
0.51 2.07 99.47 13.5 10.1 10.42 16.61 55.38 54.26 -40.0 46.6 -3.1 -3.6 9.9 0.7 2.347 
0.61 1.98 100.1 12.9 10.2 10.54 16.71 55.26 54.13 -38.4 44.9 -3.0 -3.5 9.6 0.8 2.148 
0.69 2.04 101.2 13.3 10.0 10.36 16.53 55.62 54.38 -39.6 46.2 -3.1 -3.5 8.9 0.9 1.986 
0.79 2.10 103.6 13.6 10.1 10.52 16.58 55.57 54.39 -40.3 46.9 -3.0 -3.6 9.5 1.0 1.713 
0.09 1.06 183.5 4.0 10.0 10.16 13.87 38.44 37.33 -12.0 14.8 -1.2 -1.5 3.2 0.7 4.712 
0.20 0.98 183.4 4.0 10.0 10.20 14.05 39.28 38.16 -11.9 14.7 -1.3 -1.6 3.2 1.0 4.459 
0.34 0.93 182.3 3.8 10.0 10.31 14.14 39.95 38.81 -11.4 14.3 -1.4 -1.5 3.0 1.5 3.886 
0.50 0.90 182.5 3.9 10.1 10.42 14.43 41.85 40.62 -11.6 14.7 -1.6 -1.6 2.9 2.2 3.865 
0.61 0.95 180.8 4.1 10.1 10.49 14.46 41.86 40.7 -12.2 15.4 -1.5 -1.6 3.2 2.7 4.026 
0.73 0.91 179.1 3.8 10.1 10.43 14.26 41.01 39.96 -11.4 14.3 -1.4 -1.6 3.3 3.1 4.05 
0.83 0.96 179 3.9 10.4 10.73 14.37 41.12 40.03 -11.5 14.5 -1.5 -1.5 3.2 3.1 3.827 
0.09 1.77 183.1 8.8 10.0 10.18 14.99 47.72 46.66 -26.2 31.0 -2.3 -2.5 7.0 0.7 4.708 
0.20 1.70 183 8.8 10.0 10.28 15.23 48.93 47.84 -26.2 31.2 -2.4 -2.6 6.9 1.0 4.45 
0.36 1.87 181.3 9.3 10.0 10.33 15.01 47.82 46.21 -27.6 32.4 -2.2 -2.6 4.8 1.6 3.888 
0.51 1.88 181 9.2 10.1 10.39 14.94 47.05 45.49 -27.3 32.0 -2.2 -2.6 4.9 2.3 3.966 
0.61 1.90 178.5 9.1 10.0 10.40 14.85 46.43 44.89 -27.1 31.7 -2.1 -2.5 4.9 2.7 3.954 
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Finned Tube ID 6.3 mm (molten) 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
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Tsat 
[°C] 
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[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
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[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.73 1.92 175.2 9.1 10.0 10.41 14.73 45.82 44.31 -26.9 31.4 -2.0 -2.5 5.0 2.9 3.865 
0.78 1.99 188.2 8.9 10.0 10.46 14.53 44.43 42.99 -26.5 30.8 -1.9 -2.4 5.1 3.4 4.157 
0.10 2.33 182.2 13.5 10.0 10.19 15.81 54.09 52.97 -40.0 46.2 -2.9 -3.3 9.9 0.8 4.616 
0.20 2.38 182.2 14.0 10.0 10.26 15.88 54.05 53.01 -41.4 47.7 -2.9 -3.4 11.0 1.1 4.363 
0.34 2.32 181.4 13.6 10.0 10.32 15.90 54.00 53.06 -40.4 46.7 -2.9 -3.4 11.9 1.5 3.935 
0.50 2.36 181.6 13.8 10.0 10.36 15.88 54.53 53.54 -41.1 47.4 -2.9 -3.4 11.4 2.3 3.923 
0.60 2.37 180.1 13.9 10.3 10.59 16.09 54.92 53.9 -41.2 47.5 -3.0 -3.4 11.1 2.7 3.961 
0.71 2.36 178.7 13.8 10.1 10.43 15.92 55.20 54.17 -41.0 47.4 -3.0 -3.4 10.9 3.0 3.961 
0.81 2.38 182 13.8 10.0 10.39 15.77 55.41 54.35 -40.9 47.3 -3.0 -3.4 10.6 3.2 3.977 
0.12 1.05 246.8 4.3 10.1 10.26 14.11 38.63 37.47 -12.7 15.7 -1.4 -1.6 3.3 1.2 5.578 
0.21 1.07 247.6 4.3 10.0 10.25 13.98 38.47 37.32 -12.7 15.7 -1.4 -1.6 3.2 1.7 5.014 
0.34 1.08 248.8 4.3 10.1 10.40 14.06 38.37 37.23 -12.8 15.7 -1.3 -1.6 3.3 2.8 5.213 
0.52 1.07 248.3 4.3 10.1 10.46 14.08 38.23 37.1 -12.8 15.7 -1.3 -1.6 3.3 4.4 5.832 
0.62 1.10 248.8 4.4 10.0 10.43 14.00 38.11 36.97 -13.0 16.0 -1.3 -1.6 3.4 5.3 6.295 
0.70 1.12 253.2 4.4 10.0 10.50 13.96 38.08 36.94 -13.1 16.0 -1.3 -1.6 3.4 5.9 6.741 
0.81 1.20 251.7 4.5 10.1 10.54 13.86 38.17 37.03 -13.5 16.3 -1.3 -1.6 3.4 6.1 6.85 
0.10 1.87 253.8 9.6 10.0 10.17 15.14 48.51 46.91 -28.4 33.4 -2.4 -2.7 5.0 1.2 5.557 
0.21 1.87 253.1 9.3 10.0 10.23 14.98 47.49 45.96 -27.7 32.6 -2.3 -2.6 5.1 1.9 5.086 
0.35 1.89 249.7 9.2 10.1 10.35 14.93 46.34 44.87 -27.4 32.1 -2.2 -2.6 5.2 3.0 5.288 
0.50 1.84 255.7 8.9 10.0 10.37 14.86 45.49 44.12 -26.5 31.1 -2.1 -2.5 5.4 4.5 6.16 
0.59 1.88 257.5 9.0 10.0 10.34 14.78 45.13 43.81 -26.9 31.4 -2.0 -2.5 5.7 5.4 6.627 
0.69 1.94 256.9 9.1 10.1 10.47 14.73 44.67 43.36 -26.9 31.4 -2.0 -2.5 5.8 6.1 6.898 
0.79 1.99 255.3 9.0 10.0 10.41 14.51 44.45 43.16 -26.8 31.2 -2.0 -2.4 5.8 6.3 7.088 
0.11 2.50 251.4 13.5 10.0 10.12 15.41 50.80 49.64 -40.0 45.7 -2.5 -3.2 9.4 1.2 5.44 
0.21 2.40 249 13.1 10.0 10.23 15.51 51.81 50.57 -38.8 44.7 -2.6 -3.2 8.6 1.8 5.103 
0.37 2.40 240.8 13.3 9.8 10.09 15.39 52.30 51.11 -39.6 45.5 -2.7 -3.2 9.2 3.0 5.185 
0.49 2.29 253.4 13.1 10.0 10.26 15.67 53.13 51.93 -38.8 44.8 -2.8 -3.3 8.9 4.4 6.005 
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Finned Tube ID 6.3 mm (molten) 
X [-] 
HTC 
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2
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Qh2o 
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[W] 
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dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.60 2.31 252.7 13.4 10.0 10.35 15.82 53.78 52.6 -39.7 45.9 -2.8 -3.3 9.3 5.3 6.489 
0.71 2.34 247.9 13.4 10.2 10.54 15.88 53.97 52.79 -39.6 45.8 -2.8 -3.3 9.2 5.8 6.613 
0.83 2.44 245.4 13.6 10.0 10.40 15.57 54.54 53.37 -40.3 46.5 -2.9 -3.3 9.5 5.7 6.598 
 
PRELIMINARY Smooth Tube ID 7.9 mm 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.12 1.26 97.66 4.3 10.0 11.15 13.45 30.71 29.45 -16.1 19.0 -0.6 -2.3 3.6 0.4 4.167 
0.20 1.24 101.1 4.3 10.2 11.28 13.70 30.38 29.26 -16.1 18.9 -0.6 -2.3 4.0 0.3 4.076 
0.36 1.25 98.62 4.4 10.2 11.30 13.70 30.75 29.54 -16.5 19.4 -0.6 -2.3 3.8 0.3 2.836 
0.49 1.24 101.3 4.4 10.1 11.23 13.70 30.80 29.58 -16.5 19.5 -0.6 -2.4 3.9 0.4 2.005 
0.59 1.21 101 4.4 9.8 10.98 13.46 30.79 29.61 -16.4 19.4 -0.6 -2.4 3.9 0.4 1.476 
0.69 1.22 101.6 4.4 10.1 11.19 13.68 30.85 29.65 -16.5 19.5 -0.6 -2.4 3.9 0.5 1.21 
0.79 1.21 102.2 4.4 10.0 11.17 13.69 30.91 29.7 -16.5 19.5 -0.6 -2.4 3.9 0.5 0.9171 
0.10 2.00 100 9.6 10.0 11.49 14.81 43.52 42.78 -35.8 41.7 -1.9 -4.0 13.5 0.4 4.274 
0.20 1.86 102.1 9.2 10.0 11.49 15.00 43.56 42.78 -34.5 40.3 -1.9 -4.0 12.4 0.3 3.916 
0.36 1.80 99.58 9.1 10.0 11.49 15.10 43.51 42.71 -34.0 39.9 -1.9 -4.0 12.0 0.3 2.751 
0.50 1.73 99.59 9.1 9.9 11.33 15.15 43.52 42.72 -34.0 39.9 -1.8 -4.1 12.0 0.4 1.902 
0.60 1.72 100.9 9.1 9.9 11.40 15.24 43.71 42.91 -34.1 40.0 -1.8 -4.1 12.0 0.4 1.383 
0.69 1.71 101.9 9.1 10.0 11.48 15.35 43.78 42.99 -34.1 40.0 -1.8 -4.1 12.0 0.5 1.191 
0.82 1.64 99.16 9.1 10.0 11.47 15.53 43.85 43.05 -34.1 40.2 -1.8 -4.2 12.0 0.5 0.8421 
0.11 2.30 100.3 14.0 10.0 11.44 16.06 55.51 54.55 -52.2 60.9 -3.3 -5.4 15.1 0.3 4.022 
0.21 2.18 100.6 13.8 10.0 11.40 16.28 55.64 54.68 -51.4 60.2 -3.3 -5.4 14.9 0.3 3.858 
0.34 2.14 101.9 13.6 10.2 11.55 16.54 55.63 54.68 -50.9 59.7 -3.3 -5.4 15.0 0.3 2.749 
0.52 2.11 98.24 13.9 10.1 11.52 16.67 56.18 55.23 -51.9 60.9 -3.4 -5.6 15.3 0.4 1.743 
0.59 2.10 101.4 13.9 10.0 11.46 16.67 56.27 55.32 -52.0 61.0 -3.4 -5.6 15.3 0.4 1.42 
0.70 2.08 102 13.9 10.1 11.46 16.74 56.35 55.4 -51.9 61.0 -3.4 -5.6 15.3 0.5 1.142 
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PRELIMINARY Smooth Tube ID 7.9 mm 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.81 2.01 99.05 13.8 10.2 11.64 17.09 56.41 55.46 -51.5 60.6 -3.4 -5.7 15.3 0.5 0.8211 
0.10 1.52 180.5 4.4 10.0 11.17 12.92 30.72 29.55 -16.6 19.2 -0.5 -2.1 3.9 0.5 4.551 
0.20 1.37 181.5 4.3 10.1 11.25 13.22 30.74 29.6 -16.1 18.8 -0.5 -2.2 3.9 0.5 3.832 
0.35 1.37 183.1 4.3 10.1 11.15 13.24 30.80 29.65 -16.2 18.9 -0.5 -2.2 3.9 0.7 2.742 
0.50 1.41 179.9 4.3 10.1 11.06 13.09 30.70 29.59 -16.0 18.6 -0.4 -2.1 4.0 1.0 2.344 
0.60 1.51 179 4.4 10.0 10.99 12.94 30.53 29.54 -16.4 19.0 -0.4 -2.1 4.6 1.2 2.15 
0.71 1.58 179.7 4.4 10.1 10.91 12.91 30.53 29.53 -16.5 19.0 -0.4 -2.1 4.5 1.4 2.066 
0.79 1.55 180.8 4.4 10.0 10.78 12.87 30.47 29.47 -16.4 18.9 -0.4 -2.1 4.5 1.6 1.975 
0.11 2.17 178.3 9.4 10.0 11.34 14.35 42.00 41.31 -35.1 40.5 -1.7 -3.7 13.9 0.5 4.497 
0.20 1.99 179.6 9.2 10.2 11.42 14.78 43.00 42.23 -34.4 40.1 -1.8 -3.8 12.4 0.5 3.741 
0.35 1.93 182.6 9.1 10.4 11.50 15.10 44.02 43.13 -34.1 39.9 -1.9 -3.9 10.7 0.7 2.684 
0.51 1.97 179.7 9.3 10.0 11.12 14.74 44.30 43.39 -34.6 40.4 -1.9 -3.9 10.7 1.0 2.227 
0.61 2.00 179.8 9.2 10.0 11.08 14.59 44.44 43.45 -34.4 40.1 -1.9 -3.8 9.6 1.2 2.155 
0.71 2.07 178.7 9.2 10.1 10.96 14.53 44.52 43.47 -34.4 40.0 -1.9 -3.7 9.2 1.4 2.08 
0.81 2.06 180.2 9.1 10.0 10.84 14.47 44.66 43.53 -34.0 39.7 -1.9 -3.7 8.4 1.7 1.902 
0.11 2.51 179.1 14.0 10.0 11.18 15.63 54.42 53.47 -52.4 60.6 -3.1 -5.1 15.1 0.5 4.579 
0.20 2.36 182.2 13.8 10.0 11.20 15.89 55.36 54.32 -51.6 60.0 -3.2 -5.2 13.7 0.6 3.638 
0.34 2.32 183.9 13.9 10.1 11.15 16.05 55.89 54.83 -52.0 60.5 -3.2 -5.3 13.6 0.8 2.665 
0.50 2.28 180.2 13.6 10.0 11.03 15.97 56.42 55.25 -50.9 59.4 -3.2 -5.3 12.1 1.0 2.223 
0.60 2.34 179.6 13.7 10.1 11.08 15.92 56.48 55.29 -51.1 59.5 -3.2 -5.2 11.9 1.2 2.124 
0.71 2.39 179.1 13.7 10.0 10.86 15.75 56.59 55.36 -51.0 59.4 -3.2 -5.1 11.6 1.5 2.063 
0.80 2.41 178.2 13.7 10.0 10.85 15.73 56.60 55.41 -51.3 59.7 -3.2 -5.1 11.9 1.6 1.904 
0.10 1.63 259 4.7 11.2 11.92 14.08 31.70 30.67 -17.6 20.5 -0.7 -2.2 4.8 0.6 4.996 
0.19 1.43 247.9 4.6 9.9 10.83 13.14 32.02 30.78 -17.2 20.2 -0.7 -2.3 3.9 0.8 3.9 
0.38 1.56 243.4 4.7 9.8 10.61 12.82 31.74 30.47 -17.5 20.4 -0.7 -2.2 3.8 1.3 3.105 
0.54 1.52 241.2 4.5 10.1 10.59 13.06 31.52 30.29 -16.8 19.6 -0.6 -2.1 3.8 2.0 3.088 
0.63 1.56 240.1 4.5 10.0 10.35 12.88 31.28 30.02 -16.9 19.7 -0.6 -2.1 3.7 2.4 3.152 
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PRELIMINARY Smooth Tube ID 7.9 mm 
X [-] 
HTC 
[kW/m
2
-K] 
G 
[kg/m
2
-s] 
q'' 
[kW/m
2
] 
Tsat 
[°C] 
Ttest 
[°C] 
Twall 
[°C] 
Th2o,i 
[°C] 
Th2o,o 
[°C] 
QR410A 
[W] 
Qh2o 
[W] 
Qamb 
[W] 
Qcond 
[W] 
mH2O 
[g/s] 
dPhor 
[kPa/m] 
dPver 
[kPa/m] 
0.72 1.59 247 4.5 9.9 10.38 12.79 31.17 29.93 -16.9 19.6 -0.6 -2.1 3.8 3.0 3.353 
0.80 1.63 248.4 4.5 10.1 10.50 12.88 31.06 29.84 -17.0 19.6 -0.6 -2.1 3.9 3.3 3.28 
0.10 2.26 251.5 9.9 10.0 10.94 14.37 43.49 42.91 -37.1 43.0 -2.0 -3.9 17.8 0.6 4.923 
0.20 2.17 252.1 9.9 10.1 11.06 14.67 44.11 43.51 -37.1 43.2 -2.1 -3.9 17.5 0.8 3.828 
0.35 2.27 252.2 10.0 10.2 11.02 14.59 43.73 43.13 -37.5 43.4 -2.0 -3.9 17.6 1.3 3.226 
0.53 2.24 246.8 9.9 9.8 10.52 14.27 43.64 43.07 -37.2 43.1 -2.0 -3.9 18.1 2.0 3.245 
0.61 2.23 246.5 9.8 10.0 10.43 14.42 43.54 42.96 -36.6 42.5 -2.0 -3.8 17.7 2.4 3.294 
0.72 2.26 243.8 9.9 9.9 10.33 14.27 43.48 42.9 -37.0 42.8 -2.0 -3.8 17.8 2.9 3.32 
0.84 2.29 243.6 9.9 10.0 10.43 14.31 43.46 42.88 -36.9 42.7 -2.0 -3.8 17.8 3.2 3.105 
0.11 2.45 250.5 13.6 10.1 11.33 15.69 55.24 54.34 -51.0 59.2 -3.1 -5.1 15.7 0.7 4.789 
0.20 2.46 250.5 14.1 10.0 11.10 15.69 55.61 54.71 -52.7 61.1 -3.2 -5.2 16.2 0.9 3.86 
0.36 2.52 249.7 14.5 10.3 11.32 16.02 56.67 55.81 -54.0 62.6 -3.3 -5.3 17.2 1.3 3.17 
0.53 2.50 247.9 14.4 10.0 10.77 15.78 56.95 56.06 -53.7 62.3 -3.3 -5.3 16.6 2.0 3.231 
0.61 2.47 249.1 14.2 10.1 10.56 15.82 57.10 56.16 -53.1 61.7 -3.3 -5.3 15.6 2.5 3.299 
0.72 2.42 247.3 13.7 10.1 10.60 15.75 56.56 55.6 -51.3 59.7 -3.2 -5.1 14.9 3.0 3.228 
0.78 2.43 252.1 13.6 10.5 10.95 16.03 55.94 55.04 -50.7 59.0 -3.1 -5.1 15.5 3.3 3.35 
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Appendix K 
Data processing EES program 
FUNCTION HTC_guess(h) 
 HTC_guess=h 
END 
{xxxxxxxxxxxxxxxxx END OF FUCNTION HTC_guess 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
Program made July 20th, 2015 for the enhanced surface tube with an OD of 7.4mm 
} 
 
PROCEDURE STORE(row, x, HTC, dPh, G_R410A, Q_flux, T_R410A, T_test, T_wall, error, T_hfein, 
T_hfeout,Q_R410A, Q_H2O, Q_amb, Q_conduction : A) 
"STORE DATA" 
 
 
{#1} 
Lookup ('summary', row , 1) = x 
Lookup ('summary', row, 2) = HTC 
Lookup ('summary', row, 3) = dPh 
Lookup ('summary', row, 4) = G_R410A 
Lookup ('summary', row, 5) = Q_flux 
Lookup ('summary', row, 6) = T_R410A 
Lookup ('summary', row, 7) = T_test 
Lookup ('summary', row, 8) = T_wall 
Lookup ('summary', row, 9) = error 
Lookup ('summary', row, 10) = T_hfein 
Lookup ('summary', row, 11) = T_hfeout 
 
Lookup ('summary', row, 13) = Q_R410A 
Lookup ('summary', row, 14) = Q_H2O 
Lookup ('summary', row, 15) = Q_amb 
Lookup ('summary', row, 16) = Q_conduction 
 
 
A=1 
END  
"xxxxxxxxxxxxxxx END OF PROCEDURE STORE 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx" 
PROCEDURE getData(tblname$,row:aPcal_i, aPsat, 
aTcal_i,aT_amb,aT_H2O_i,aT_H2O_o,am_dot_R410A,am_dot_H2O,aQ_cal,aT_wall,aT_tes,adP_h,adP
_v) 
 
i:=1 
REPEAT 
Pcal_i[i]:=lookup(tblname$,i,65) 
Psat[i]:=lookup(tblname$,i,47) 
Tcal_i[i]:=lookup(tblname$,i,29) 
T_amb[i]:=lookup(tblname$,i,4) 
T_H2O_i[i]:=lookup(tblname$,i,31) 
T_H2O_o[i]:=lookup(tblname$,i,32) 
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m_dot_R410A[i]:=lookup(tblname$,i,49) 
m_dot_H2O[i]:=lookup(tblname$,i,51) 
Q_cal[i]:=lookup(tblname$,i,53) 
dP_h[i]:=lookup(tblname$,i,48) 
dP_v[i]:=lookup(tblname$,i,55) 
T_tes[i]:=lookup(tblname$,i,15) 
 
T_w[1]:=lookup(tblname$,i,17)* 0.996+0.218 "Calibration from October 1st, 2015" 
T_w[2]:=lookup(tblname$,i,18)*0.994+0.250 "Calibration from October 1st, 2015" 
T_w[3]:=lookup(tblname$,i,19)* 0.995+0.249 "Calibration from October 1st, 2015" 
T_w[4]:=lookup(tblname$,i,20)*0.997+0.210 "Calibration from October 1st, 2015" 
T_w[5]:=lookup(tblname$,i,21)*0.992+0.226 "Calibration from October 1st, 2015" 
T_w[6]:=lookup(tblname$,i,22)*0.992+0.243 "Calibration from October 1st, 2015" 
T_w[7]:=lookup(tblname$,i,23)*0.994+0.193 "Calibration from October 1st, 2015" 
T_w[8]:=lookup(tblname$,i,24)*0.992+0.240 "Calibration from October 1st, 2015" 
T_w[9]:=lookup(tblname$,i,25)*0.991+0.212 "Calibration from October 1st, 2015" 
T_w[10]:=lookup(tblname$,i,26)*0.991+0.211 "Calibration from October 1st, 2015" 
T_w[11]:=lookup(tblname$,i,27)*0.991+0.211 "Calibration from October 1st, 2015" 
T_w[12]:=lookup(tblname$,i,28)*0.991+0.218 "Calibration from October 1st, 2015" 
 
 
 
T_wall[i]:=AVERAGE(T_w[1],T_w[2],T_w[3],T_w[4],T_w[5],T_w[6],T_w[7],T_w[8],T_w[9],T_w[10],T_w[11]
,T_w[12]) 
i:=i+1 
UNTIL (i>50) 
 
k:=i-1 
aPcal_i:=AVERAGE(Pcal_i[1..k]) 
aPsat:=AVERAGE(Psat[1..k]) 
aTcal_i:=AVERAGE(Tcal_i[1..k]) 
aT_amb:=AVERAGE(T_amb[1..k]) 
aT_H2O_i:=AVERAGE(T_H2O_i[1..k])*0.998+0.238 "Calibration from May 13th, 2015" 
aT_H2O_o:=AVERAGE(T_H2O_o[1..k])*0.997+0.232 "Calibration from May 13th, 2015" 
am_dot_R410A:=AVERAGE(m_dot_R410A[1..k]) 
am_dot_H2O:=AVERAGE(m_dot_H2O[1..k]) 
aQ_cal:=AVERAGE(Q_cal[1..k]) 
adP_h:=AVERAGE(dP_h[1..k]) 
adP_v:=AVERAGE(dP_v[1..k])/1.22 "Compensation for length to get 1 m dP" 
aT_wall:=AVERAGE(T_wall[1..k]) 
aT_tes:=AVERAGE(T_tes[1..k])*0.998+0.156 "Calibration from July 16th, 2015" 
 
{#2} 
Lookup ('output', row , 1) = aPcal_i 
Lookup ('output', row , 2) = aPsat 
Lookup ('output', row, 3) = aTcal_i 
Lookup ('output', row, 4) = aT_amb 
Lookup ('output', row, 5) = aT_H2O_i 
Lookup ('output', row, 6) = aT_H2O_o 
Lookup ('output', row, 7) = am_dot_R410A 
Lookup ('output', row, 8) = am_dot_H2O 
Lookup ('output', row, 9) = aQ_cal 
Lookup ('output', row, 10) = adP_h 
Lookup ('output', row, 11) = adP_v 
Lookup ('output', row, 12) = aT_wall 
Lookup ('output', row, 13) = aT_tes 
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A=1 
END 
"xxxxxxxxxxxxx END OF PROCEDURE getData 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx" 
 
MODULE energyBalance(tbname$,row:A) 
"inputs" 
ID=0.00630  "internal diameter" 
OD=0.0070 "external diameter" 
L_test=0.15 "length of test section" 
UA_test=0.1094         "test section UA value" 
 
 
CALL getData(tbname$,row:P_cali, 
P_R410A,T_cal_i,T_amb,T_H2O_i,T_H2O_o,m_dot_R410A,m_dot_H2O,Q_cal,T_wall,T_test,dP_hor,dP
_ver) 
"gets the average value of the 50 rows of data" 
 
 
A_surf=pi*ID*L_test  "internal surface area" 
A_cross=pi*ID^2/4 "cross sectinal area" 
G_R410A=m_dot_R410A/A_cross/1000 "mass flux" 
T_R410A=Temperature(R410A,P=P_R410A,x=1) "saturation temp" 
CPi=Cp(Water,T=T_H2O_i,P=101) "HFE CPs" 
CPo=Cp(Water,T=T_H2O_o,P=101) 
 
 
 
 
{XXX MAIN ENERGY BALANCE XXX} 
-Q_R410A=HTC*A_surf*(T_wall-T_R410A) "HTC unknown, A_surf calculated, T_wal 
average of twalls, TR410A saturation temperature or Ttestfrom P R410A sat at P cal i" 
0=Q_R410A+Q_H2O+Q_amb+Q_conduction  "Energy balance to solve for refrigerant heat 
load " 
Q_H2O=m_dot_H2O*abs(T_H2O_o*CPo-T_H2O_i*CPi)  "HFE energy balance" 
Q_amb=UA_test*(dT1-dT2)/ln((dT1)/(dT2))  "UA from previous calculations, lmtd usees 
HFEi, HFEo and T_amb which is ambient" 
 
{Q_amb=UA_test*abs(T_wall-T_amb)  "UA from previous calculations, lmtd usees 
HFEi, HFEo and T_amb which is ambient"} 
h=HTC/1000 
Q_conduction=-2*phi_in[1]  "conduction is complicated see values below" 
 
dT1=-T_H2O_i+T_amb 
dT2=-T_H2O_o+T_amb 
 
{equations for conduction} 
k_Al=Conductivity(Aluminum_3003,T=(T_wall+T_R410A)/2)  
DUPLICATE i=1,100   
 A_cs[i] = pi*(OD^2-ID^2)/4   
 k[i] = k_Al 
END 
n=100 
DELTAX=.001   
T[0]=T_wall   
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T[n+1]=T_R410A 
A=DELTAX*pi*ID   
X[0]=0   
X[n+1]=(n+1)*DELTAX*1000 
DUPLICATE i=1,n 
 phi_in[i]=k[i]*A_cs[i]/DELTAX*(T[i-1]-T[i]) "Heat out by conduction [W]" 
 phi_out1[i]=k[i]*A_cs[i]/DELTAX*(T[i]-T[i+1]) "Heat in by conduction [W]" 
 phi_out2[i]=HTC_guess(HTC)*A*(T[i]-T_R410A) "Heat in by convection [W]" 
 phi_in[i]=phi_out1[i]+phi_out2[i]   
 X[i]=X[i-1]+DELTAX*1000   
END 
{XXX END ENERGY BALANCE XXX} 
 
{Average Quality calculation} 
Q_cal=m_dot_R410A*(ho-hi) 
hi=Enthalpy(R410A,T=T_cal_i,P=P_R410A) 
x=Quality(R410A,P=P_R410A,h=ho) 
 
{Heat flux} 
Q_Flux=-Q_R410A/A_surf/1000 
CALL STORE(row,x, h, dP_hor, G_R410A, Q_flux, T_R410A, T_test, T_wall, 
m_dot_R410A,T_H2O_i,T_H2O_o, Q_R410A, Q_H2O, Q_amb, Q_conduction :B) 
 
END 
"xxxxxxxxxxxxxxxxx END OF MODULE  EnergyBalance 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx" 
 
"initiate calling all data" 
s$='x=10' 
s2$='x=20' 
s3$='x=35' 
s4$='x=50' 
s5$='x=60' 
s6$='x=70' 
s7$='x=80' 
 
CALL energyBalance(s$,1:A1) 
CALL energyBalance(s2$,2:A2) 
CALL energyBalance(s3$,3:A3) 
CALL energyBalance(s4$,4:A4) 
CALL energyBalance(s5$,5:A5) 
CALL energyBalance(s6$,6:A6) 
CALL energyBalance(s7$,7:A7) 
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Appendix L 
Shah (1976)  correlation EES program 
{Enhancement model 
by Shah 1976 
 
NOTE correlation works good except for values: 
1. Near Co=0.004 and Bo=5x10^(-3) 
2. For horizontal tubes at Fr_le < 0.04 and Bo < 1x10^(-4) 
} 
 
h=psi_s*h_l 
 
F$='R410A' 
T=10[°C] 
P=1085[kPa] 
D=0.0079[m] "internal diameter" 
G_ref=250[kg/s-m^2] 
q´´=14000[W/m^2] 
{x=0.5} 
 
{-X-X-X-X- calculations for h_l -X-X-X-X-} 
 
h_l=0.023*Re_l^0.8*Pr_l^0.4*k_l/D"[W/m^2-K]" 
 
Re_l=D*G_ref*(1-x)/mu_l 
Pr_l=Prandtl(F$,P=P,x=0)"[-]" 
G_ref=m_dot/A_cross"[kg/s-m^2]" 
A_cross=pi*D^2/4"[m^2]" 
k_l=Conductivity(F$,P=P,x=0)"[W/m-K]" 
mu_l=Viscosity(F$,P=P,x=0)"[kg/m-s]" 
 
{m_dot=rho*u*A_cross"[kg/s]" 
rho=Density(F$,T=T,P=P)"[kg/m^3]"} 
 
{-X-X-X-X- calculations for psi_s -X-X-X-X-} 
h_lv=Enthalpy_vaporization(F$,P=P)*1000 
rho_v=Density(F$,x=1,P=P)"[kg/m^3]" 
rho_l=Density(F$,x=0,P=P)"[kg/m^3]" 
grav=9.81[m/s^2] 
 
Co=((1-x)/x)^0.8*(rho_v/rho_l)^0.5 
Bo=q´´/(G_ref*h_lv) 
Fr_le=G_ref^2/(rho_l^2*grav*D) 
 
N_s=if(Fr_le,0.04,N_s2,N_s1,N_s1) 
N_s1=Co 
N_s2=0.38*Fr_le^(-0.3)*Co 
 
F_s=if(Bo,11*10^(-4),F_s2,F_s1,F_s1) 
F_s1=14.7 
F_s2=15.4 
 
psi_cb=1.8*N_s^(-0.8) 
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psi_s=if(N_s,1,psi_s2,psi_s2,psi_s1) 
 
"max" 
psi_s1=max(psi_nb,psi_cb) 
"min and equal" 
psi_s2=max(psi_bs,psi_cb) 
 
psi_nb=if(Bo,0.3*10^(-4),psi_nb2,psi_nb2,psi_nb1) 
psi_nb1=230*Bo^0.5 
psi_nb2=1+46*Bo^0.5 
 
psi_bs=if(N_s,0.1,psi_bs2,psi_bs2,psi_bs1) 
psi_bs1=F_s*Bo^0.5*exp(2.74*N_s^(-0.1)) 
psi_bs2=F_s*Bo^0.5*exp(2.47*N_s^(-0.15)) 
 
"For graphing purposes" 
HTC=h/1000 
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Appendix M 
Gungor and Winterton (1986) correlation EES program 
{XXXX Gungor and Winterton 1986 XXXX 
From Van P. Carey book 
} 
 
F$='R410A' 
D=0.0079[m] "Internal diameter" 
P=Pressure(R410A,T=10,X=0)  
T=10[°C] 
G=250 
"x=0.5" 
q=14000[W/m^2] 
 
 
h=h_l*(1+3000*Bo^0.86+(x/(1-x))^0.75*(rho_l/rho_v)^0.41) 
 
 
h_l=0.023*Re_l^0.8*Pr_l^0.4*k_l/D"[W/m^2-K]" 
 
Pr_l=Prandtl(F$,P=P,x=0)"[-]" 
Re_l=D*G*(1-x)/mu_l 
 
mu_l=Viscosity(F$,P=P,x=0) 
mu_v=Viscosity(F$,P=P,x=1) 
rho_l=Density(F$,P=P,x=0) 
rho_v=Density(F$,P=P,x=1) 
v_l=Volume(F$,P=P,x=0) 
v_v=Volume(F$,P=P,x=1) 
 
 
k_l=Conductivity(F$,P=P,x=0)"[W/m-K]" 
MW=MolarMass(F$) 
nu_l=mu_l/rho_l 
h_lv=Enthalpy_vaporization(F$,T=T)*1000 
grav=9.81 
 
 
Bo=q/(G*h_lv) "Boiling number" 
 
 
HTC=h/1000 
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Appendix N 
Schrock and Grossman (1959) EES correlation: 
{Schrock and Grossman Correlation 1959} 
 
h=h_l*C_1*(Bo+C_2*(1/X_tt)^0.66) 
 
F$='R410A' 
T=10[°C] 
P=1085[kPa] 
D=0.0079[m] "internal diameter" 
G=250[kg/s-m^2] 
q=14000[W/m^2] 
{x=0.5} 
 
{-X-X-X-X- calculations for h_l -X-X-X-X-} 
 
h_l=0.023*Re_l^0.8*Pr_l^0.4*k_l/D"[W/m^2-K]" 
 
Re_l=D*G*(1-x)/mu_l 
Pr_l=Prandtl(F$,P=P,x=0)"[-]" 
G=m_dot/A_cross"[kg/s-m^2]" 
A_cross=pi*D^2/4"[m^2]" 
k_l=Conductivity(F$,P=P,x=0)"[W/m-K]" 
mu_l=Viscosity(F$,P=P,x=0)"[kg/m-s]" 
mu_v=Viscosity(F$,P=P,x=1)"[kg/m-s]" 
 
h_lv=Enthalpy_vaporization(F$,P=P)*1000 
rho_v=Density(F$,x=1,P=P)"[kg/m^3]" 
rho_l=Density(F$,x=0,P=P)"[kg/m^3]" 
grav=9.81[m/s^2] 
Bo=q/(G*h_lv) "Boiling number" 
 
C_1=6.70*10^3 
C_2=3.5*10^(-4) 
X_tt=(((1-x)/x)^0.875)*((rho_v/rho_l)^0.5)*((mu_l/mu_v)^0.125)  "For turbulent flow Re>2300" 
 
HTC=h/1000 
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Appendix O 
Friedel dP for two phase flow uses parametric table for length of tube. 
{ Friedel dP equations for two phase flow from Prof. Jacobi's ME504 class} 
x_i=0.5 
T=10 
G=250 
D=0.0063 
theta=90 
grav=9.81 
q=0 
P_i=Pressure(R410A,T=T,x=0.5) 
 
rho_l=Density(R410A,T=T,x=0.0); v_l=1/rho_l  
rho_v=Density(R410A,T=T,x=1.0); v_v=1/rho_v 
mu_l=Viscosity(R410A,T=T,x=0.0) 
mu_v=Viscosity(R410A,T=T,x=1.0) 
sigma=SurfaceTension(R410A,T=T) 
h_fg=(Enthalpy(R410A,T=T, x=1)-Enthalpy(R410A,T=T, x=0))*1000     
 
-dpdz = (((phi_lo^2*(2*f_lo*G^2*v_l/D)) + (grav*sin(theta)*((1-alpha)*rho_l+alpha*rho_v))  + 
accel)/(LL))/1000   {kPa/m} 
accel=G^2*dxdz*((2*x*v_v/alpha - 2*(1-x)*v_l/(1-alpha))+ dalphadx*((1-x)^2*v_l/(1-alpha)^2 - 
x^2*v_v/alpha^2)) 
LL=1+G^2*((x^2*dvdp/alpha  + dalphadp*((1-x)^2*v_l/(1-alpha)^2 - x^2*v_v/alpha^2))) 
 
dvdp=((1/Density(R410A,P=P+1,x=1.0))- (1/Density(R410A,P=P,x=1.0)) ) /1000         
 
rho_l2=Density(R410A,P=P+1,x=0.0) 
rho_v2=Density(R410A,P=P+1,x=1.0) 
mu_l2=Viscosity(R410A,P=P+1,x=0.0) 
mu_v2=Viscosity(R410A,P=P+1,x=1.0) 
alpha_2=1/(1+B_o*((1/x) -1)^n_1*(rho_v2/rho_l2)^n_2*(mu_l2/mu_v2)^n_3) 
dalphadp=(alpha_2-alpha)/1000                                                                                                 
 
dxdz=4*q/(G*D*h_fg) 
 
phi_lo^2=C_F1 +(3.24*C_F2)/((Fr^0.045)*(We^0.035)) 
C_F1=(1-x)^2 + x*x*(rho_l*f_vo/(rho_v*f_lo)) 
C_F2=((x^0.78)*(1-x)^0.24)*((rho_l/rho_v)^0.91)*((mu_v/mu_l)^0.19)*((1-mu_v/mu_l)^0.7) 
Fr=G*G/(grav*D*rho_tp*rho_tp) 
We=G*G*D/(rho_tp*sigma) 
rho_tp=1/(x/rho_v + (1-x)/rho_l) 
Re_lo = G*D/mu_l 
f_lo=0.079/(Re_lo^(1/4)) 
Re_vo = G*D/mu_v 
f_vo=0.079/(Re_vo^(1/4)) 
alpha=1/(1+B_o*((1/x) -1)^n_1*(rho_v/rho_l)^n_2*(mu_l/mu_v)^n_3) 
B_o=1; n_1=0.74; n_2=0.65; n_3=0.13 
dalphadx=(1/(1+B_o*((1/x) -
1)^n_1*(rho_v/rho_l)^n_2*(mu_l/mu_v)^n_3)^2)*B_o*(rho_v/rho_l)^n_2*(mu_l/mu_v)^n_3*n_1*((1/x)-
1)^(n_1-1)*(1/x^2) 
P=P_i + integral(dpdz, z) 
x=x_i+z*dxdz 
P_final=(P_i-P)*1000 
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Appendix P 
"Darcy-Weisbach" 
D=0.0063[m] 
G=100 
L=1[m] 
delta_h=1 "change in height" 
X=1 
rho=Density(R410A,T=10,x=X) 
mu=Viscosity(R410A,T=10,x=X) 
u=G/rho 
grav=9.81[kgm/s^2] 
 
epsilon=0.0000015[m] 
 
dP_grav=rho*grav*delta_h 
dP_frict=f_D*L/D*(rho*u^2)/2 
 
dP=(dP_grav+dP_frict)/1000 
 
Re_D=rho*u*D/mu 
f_D=MoodyChart(Re_D, epsilon/D) 
"Moody replaced: 1/sqrt(f_D)=(-2)*log10(epsilon/(3.7*D)+2.51/(Re_D*sqrt(f_D)))" 
 
  
61 
 
Appendix Q 
F$='R410A' 
 
h=k*0.023*Re^0.8*Pr^0.4/D 
Re=D*u*rho/mu 
 
Tin=-14.33"[°C] T cal out" 
Tout=-6.86 
T=(Tin+Tout)/2 
P=1085"[kPa]" 
D=0.0079"[m]" "internal diameter" 
G_ref=207.2"[kg/s-m^2]" 
 
A_cross=pi*D^2/4"[m^2]" 
G_ref=m_dot/A_cross"[kg/s-m^2]" 
m_dot=rho*u*A_cross"[kg/s]" 
k=Conductivity(F$,T=T,P=P)"[W/m-K]" 
Pr=Prandtl(F$,T=T,P=P)"[-]" 
rho=Density(F$,T=T,P=P)"[kg/m^3]" 
mu=Viscosity(F$,T=T,P=P)"[kg/m-s]" 
 
 
 
